Photonic and plasmonic devices rely on nanoscale control of the local density of optical states (LDOS) in dielectric and metallic environments. The tremendous progress in designing and tailoring the electric LDOS of nano-resonators requires an investigation tool that is able to access the detailed features of the optical localized resonant modes with deep-subwavelength spatial resolution. This scenario has motivated the development of different nanoscale imaging techniques. Here, we prove that a technique involving the combination of scanning near-field optical microscopy with resonant scattering spectroscopy enables imaging the electric LDOS in nano-resonators with outstanding spatial resolution (l/19) by means of a pure optical method based on light scattering. Using this technique, we investigate the properties of photonic crystal nanocavities, demonstrating that the resonant modes appear as characteristic Fano line shapes, which arise from interference. Therefore, by monitoring the spatial variation of the Fano line shape, we locally measure the phase modulation of the resonant modes without the need of external heterodyne detection. This novel, deep-subwavelength imaging method allows us to access both the intensity and the phase modulation of localized electric fields. Finally, this technique could be implemented on any type of platform, being particularly appealing for those based on non-optically active material, such as silicon, glass, polymers, or metals.
INTRODUCTION
The development of integrated nanophotonic and nanoplasmonic optical resonators is currently one of the main goals of the nanooptics community. In optical nano-resonators, the electric local density of optical states (LDOS), which assesses the number of available photonic states in a specific spatial region [1] [2] [3] [4] , is dominated by a few strongly localized modes that are not spectrally overlapped (Note that for well spectrally resolved modes in nanoresonators the electric LDOS corresponds to the electric field intensity of the modes). The characterization of the electric LDOS at the proper spatial resolution is an essential step toward the realization of high-density photonic integrated circuits and quantum photonic networks [5] [6] [7] . For example, photon tunneling in coupled photonic crystal nanocavities (PCNs) is governed by the electric LDOS spatial overlap between neighboring resonators 8 . Similarly, the electric LDOS of a localized mode strongly influences the light-matter interaction of a single quantum emitter (being directly related to the spontaneous emission rate 9 as well as to the signal amplification 10 ), and the electric LDOS is crucial for the development of efficient sensors 11, 12 . Major advances in tailoring the electric LDOS at the nanoscale have led, on one hand, to a sub-wavelength electric field confinement in metallic nanoantennas to control the directional emission 13 and, on the other hand, to the achievement of the strong coupling regime, with the requirement of placing the wavelength-matched nano-emitter at the location of the maximum of the PCN electric LDOS at a spatial precision of approximately l/15 14 . Currently, many experimental techniques are available for imaging the optical resonant mode features at nanoscale resolution. Scanning near-field optical microscopy (SNOM) photoluminescence is proven to be a powerful technique for mapping the electric LDOS of nanoresonators. For example, in III-V semiconductor photonic platforms, multiple quantum wells or quantum dots are embedded to serve as internal light sources 15 . In systems such as silicon-, glass-, polymer-, or metal-based devices, the modification of the spontaneous emission rate of small emitters (such as fluorescent dyes or nitrogen vacancy centers) can be monitored by placing the light source at the end of a scanning probe 16, 17 . However, photoluminescence techniques require a spectral matching between the emitter and the photonic mode, and especially in case of functionalized probes, they may suffer the phenomena of bleaching and blinking 18, 19 .
An alternative approach based on cathodoluminescence-enabled deep sub-wavelength (approximately l/20) imaging of a two-dimensional Si 3 N 4 -based PCN in a broad spectral range 20 ; however, this technique is limited to the collection of the electric LDOS in dielectric regions, and it is primarily sensitive to the out-of-plane electric field component.
Pure photonic investigation techniques are potentially more powerful due to the direct investigation of a broad spectral range, the possibility to address the distributions of localized modes in air regions or in metal devices, the absence of polarization constraints and the possibility of phase retrieval when used in combination with heterodyne detection in an external interferometer [21] [22] [23] . A particularly good example is represented by near-field surface enhanced light scattering performed with apertureless probes, as recently applied to various contexts 22, 23 . The high sensitivity of this method is largely due to the high refractive index material probes used to enhance the scattering. However, the disadvantage of this light scattering technique is that the investigation of optical micro-and nano-resonators (e.g., ring resonators, microdisk cavities, and PCNs) excessively perturbs the dielectric environment compared to glass probes 24 , thereby deteriorating the high quality factor (Q) and also detuning/mixing modes localized in photonic molecules or in random cavities 8, 25 . Moreover, this technique, as in the case of cathodoluminescence, suffers from being mainly sensitive to the out-of-plane component of the electric LDOS 22 , and this technique is not suited for TE-like localized modes. Therefore, a pure optical method that can be applied on high-Q resonators to retrieve the intensity and the phase of the confined electric field is required.
MATERIALS AND METHODS
Inspired by far-field resonant scattering experiments, which exhibit Fano-like resonances in high-Q PCNs 26-28 , we implement a full photonic method based on either the resonant back scattering (RBS) or the resonant forward scattering (RFS) configuration in the near-field regime. We use dielectric tapered SNOM probes to achieve a combined spatial and spectral (hyperspectral) analysis of the electric LDOS of the modes localized in PCNs. In addition, we use aluminumcoated aperture probes and plasmonic probes to retrieve the spatial modulation of the phase of the localized modes. This SNOM Fano imaging technique proves to be phase sensitive because it intrinsically involves the interference between two distinct scattering pathways: (i) light diffused by the surface through a continuum of extended states, which is not coupled to the cavity mode and (ii) light resonantly coupled to the cavity mode and subsequently emitted in free space [29] [30] [31] . This interference phenomenon gives rise to Fano resonances, whose line shape is closely related to the phase difference between scattering channels (i) and (ii) described above 32 . The presented technique can be applied to a large variety of microand nano-resonators that are made of any type of material. The technique does not require any special design or challenging fabrication steps to implement, and the technique is sensitive to different polarization components. Moreover, the use of white light generated by a supercontinuum laser ensures the hyperspectral imaging in the full optical range of interest.
We use a commercial SNOM (TwinSnom, Omicron GmbH, Taunusstein, Germany) in two different configurations: the illumination-collection geometry (see Figure 1a ) and the transmission geometry (see Figure 1b) to detect the RBS and the RFS, respectively. In the illumination/collection geometry, we perform crossed-polarization detection to overcome the huge reflection signal, which has the same polarization as that of the incident light. In fact, by only balancing the diffused and the resonant signals we clearly observe Fano line shapes. Therefore, the implementation of SNOM resonant scattering requires polarization control in both the input and the detection Photonic Fano-imaging N Caselli et al 2 channel paths, which can share the same near-field probe. In particular, light coming from a supercontinuum laser (ranging in a photon energy range from 0.8 eV to 1.0 eV) is linearly polarized via transmission through a polarizing beam splitter cube, whose extinction ratio is 2 3 10 4 , and then it is coupled to a dielectric probe to illuminate the sample in the near-field. A Babinet-Soleil compensator is mounted on the optical fiber to control the light polarization at the end of the tip, leading to a linear polarization of the light (in the 940 6 20 meV spectrum energy range) incident onto the sample at 45 6 with respect to the x axis of the PCN (as defined in the inset of Figure 1c ). This illumination condition ensures the best signal-to-noise ratio in the crossed-polarization configuration. The backward scattered light, which is collected by the same probe, is filtered in the crossed-polarization configuration by the polarizing beam-splitter cube, dispersed by a spectrometer, and finally detected by a cooled InGaAs array; the resulting spectral resolution is 0.08 meV.
In the transmission geometry, to retrieve separately the x-and y-phase spatial modulation of the localized modes, we illuminate the sample alternatively with light polarized parallel to the x-or y-axis of the PCN, thus relaxing the crossed-polarization condition in the detection scheme. Although this setup does not guarantee the best signal-to-noise ratio, when we use an Al-coated aperture near-field probe (LovaLite, Besancon, France), we succeed in balancing the scattering channels (i) and (ii) for each independent polarization. In fact, different from the dielectric probes, metalized aperture probes collect light only from the small aperture placed a few nanometers on top of the sample, thereby spatially filtering out the non-resonant signal in a very efficient manner. In particular, the supercontinuum laser light used is linearly polarized by a Glan-Thompson polarizing prism (P1), with an extinction ratio of approximately 3 3 10 3 . The linearly polarized light is focused on the sample surface by means of a 503-objective (NA 5 0.4) in the far-field regime. The illumination spot diameter size is approximately 2 mm to ensure a homogeneous excitation on the entire PCN plane with fixed relative phase. Next, the transmitted light is collected by the Al-coated probe, and the polarizing beam-splitter filters out the polarization components that are orthogonal to the incident light. Finally, the signal is analyzed by the same detection scheme used in the RBS setup.
In both geometries, the following apply: (i) the Babinet-Soleil compensator is mounted on the optical fiber to provide a linear polarization response of the system fiber plus tip with an extinction ratio of 120; (ii) the tip remains fixed while the sample is raster scanned at a constant tip-sample distance; and (iii) the spectra are collected at every tip position on the sample surface.
In this study, the samples under investigation are two-dimensional photonic crystal cavities fabricated on a 320-nm thick GaAs suspended membrane to ensure confinement in the vertical direction due to total internal reflection. The photonic crystals consist of a twodimensional triangular lattice of air holes with a lattice constant of either a 5 321 nm or a 5 331 nm and a filling fraction of 35% 33 . The PCNs are formed by four missing holes organized in a diamond-like geometry 34 , as shown in the scanning electron microscopic (SEM) image shown in the inset of Figure 1c .
RESULTS AND DISCUSSION
A typical RBS spectrum of the investigated PCN is shown in Figure 1c . The spectrum displays two resonances corresponding to the two lower energy modes (M1 and M2) and includes both positive and negative values because the experimental background signal (which is spatially averaged in a region at approximately 2 mm away from the cavity) has been subtracted from the raw data. Both resonances exhibit a dispersive-like line shape, whose intensity F as a function of energy is well reproduced (see Figure 2a) by the Fano formula 26, 29 :
where A 0 and F 0 are amplitude factors and E 0 and C are the energy and the linewidth of the PCN mode, respectively, while the dimensionless parameter q accounts for the line-shape asymmetry. To map the RBS amplitude for both M1 and M2, we report, for each mode as a function of position, the value F 0 1zq 2 ð Þprovided by the fit, which corresponds to the difference in the counts between the maximum and the minimum of the Fano line shape, as shown in Figure 1d and 1e. These maps reproduce the main features of the electric LDOS at the energy of the resonant modes obtained by finite difference time domain (FDTD) calculations, as shown in Figure 2c and 2g. However, these figures show a limited spatial resolution (approximately 250 nm) because the amplitude map is directly proportional to the light collected by the dielectric uncoated near-field probe, whose resolution is limited to the few hundred nanometers of the collecting area. In fact, tapered dielectric probes collect signal not only from the tip apex but also from the sidewalls, resulting in a collection area of approximately 250 nm.
An improved spatial resolution, down to ,l/19, is achievable from the same set of data by making best use of the tip local perturbation on the PCN dielectric environment. The slight perturbation induced by the apex of the near-field tip gently shifts the resonant modes toward lower energies in proportion to the strength of the unperturbed electric field intensity at the position of the tip apex, as extensively demonstrated in Refs. 24 and 34. This phenomenon is underlined by the spectra shown in Figure 2a , which are collected at two different positions of the PCN surface, as highlighted by the green and the red circles of Figure 2b .The tip perturbation only slightly alters the Q-factor of the bare resonator (evaluated as E 0 =C). In fact, using a far-field setup equivalent to the one of Ref. 26 , we obtain Q 5 2650 for M1. In the SNOM measurement, we observed a Q reduction in the range of 5%-20% of the original value, i.e., the perturbation is strong enough to provide a detectable spectral shift but still not so large to alter the localized mode spatial distribution. The estimation is provided by the method of maximum likelihood, thus minimizing the residual sum of squares weighted with the experimental uncertainties. The fit quality is measured by the value of the reduced x 2 parameter. We thus obtain as the best fit the point-spread-function of 70 nm FWHM with a reduced x 2 equal to 1.1 and 1.2 for the data shown in Figure 2d and 2e, respectively. In addition, we are able to provide an estimation of the effective tip apex size (which is responsible for the dielectric perturbation) using the relations found in Ref. from the SEM images of the dielectric tips and is of the same order of magnitude with respect to the Fano electric LDOS imaging spatial resolution experimentally evaluated in Figure 2d and 2e. Therefore, the combination of SNOM and RBS spectroscopy allows us to obtain high-fidelity electric LDOS mode imaging at an ultra-subwavelength spatial resolution of 70 nm (l/19), which is comparable to the best result obtained to date on PCNs 20 . Note that the Fano imaging does not require any active emitter and it is not limited to detection of a single spatial component of the electric LDOS as in Refs. 20 and 22. Therefore, the Fano imaging technique can be potentially applied to nanostructures that confine light in silicon-based materials as well as glass, polymer, or metallic materials. For example, in the case of plasmonic nanocavities, the proposed near-field all-optical method could also allow for imaging of plasmonic dark modes, which are not addressable by far-field measurements 35, 36 . Moreover, different from photoluminescence experiments, the near-field resonant scattering maps also contain additional information regarding the spatial phase modulation of the modes. In fact, resonant scattering is a coherent signal, and the shape of the Fano resonance is determined by the interference between the non-resonant light diffused with a constant phase over the whole PCN and the resonant signal, which has a well-defined phase spatial dependence (with variations of p between adjacent intensity lobes). In our imaging setup, by examining the changes of the Fano line shape as a function of tip position, we obtain an equivalent integrated interferometer to locally probe the relative phase distribution of the PCN localized modes. To demonstrate this capability, we implemented the experimental setup in transmission geometry, as shown in Figure 1b . Figure 3a shows three RFS spectra relative to the x-polarized mode M1 and collected using an Al-coated aperture tip at three different positions, corresponding to the center of the lobes denoted by A, B, and C in Figure 2c . The incident light is x-polarized. The backgroundsubtracted spectra have positive or negative values, depending on the interference condition between the two scattering channels. In particular, the spectra collected in A and C show constructive interference for lower energies, while for higher energies, the interference is destructive. In contrast, the spectrum collected in B has an opposite line shape to those of A and C, and this inversion is a clear indication that the resonant mode M1 in B is characterized by a p phase shift with respect to the A and C regions. The recovery of the A line shape in the C position indicates that the photonic mode has the same phase in both A and C. We emphasize that we only need to consider the lineshape inversions of the spectrum as a function of the tip position and are not interested in the particular line shape because the Fano line shape also depends on the daily setup alignment (which modifies the non-resonant signal) and on the electric LDOS intensity. In fact, we tested the method's reproducibility by investigating many distinct PCNs that are nominally identical but affected by fabrication induced disorder or with different lattice parameters. Even if the absolute Fano line shape is not exactly reproducible, we always observe the same spatial modulation of the resonance line shape as a function of position. To confirm the ability to retrieve the mode phase modulation through Fano line shape changes, we performed three-dimensional FDTD calculations using a commercially available solver package (Crystal Wave 4.9, Photon Design, Oxford, United Kingdom) to schematize the RFS experimental setup, as shown in Figure 3b .
A linearly x-polarized plane wave impinges the bare nanocavity, and the signal is collected by three detectors placed above the sample surface at the positions indicated by a, b, and c in Figure 3e . Figure 3c shows that the normalized spectra calculated in a and c are characterized by a similar line shape, which differs only because the electric LDOS has distinct values in the two positions (i.e., the ratio between resonant and non-resonant scattering is slightly changed). The spectrum collected by the detector at b, where the phase is reversed by p with respect to the a and c positions, shows an inversion along the energy axis without any effective change of the resonant energy E 0 compared to the spectra calculated in the other positions. These calculations provide the interference reversal evidence in the spectral range of the resonant mode as a function of position. For imaging purposes, the simplest approach to highlight the spatial modification of the resonance line shape is by plotting the RFS intensity map at a proper energy, as shown in Figure 3d . The spatial sign alternation along the y-direction is in good agreement with the phase modulation of the calculated real part of the x-component of the electric field shown in Figure 3e , which is the dominant component of the M1 mode. We estimate the spatial resolution of the phase-sensitive Fano imaging by considering a vertical line profile between two adjacent lobes (A and B in Figure 3d ) denoted as the black circle in Figure 3g . The profile shows an inversion between constructive and destructive interference, which corresponds to an inversion of the Fano line shapes. Therefore, by assuming that the phase is a step-like function and that the experimental point spread function is a Gaussian, we fit the experimental data with an error function, as denoted by the black curve in Figure 3g . By considering the Gaussian FWHM of our experimental resolution, we find that the RFS setup equipped with the Al-coated aperture probe allows for mapping the phase modulations with a spatial resolution of 115 nm. This resolution is limited by the probe aperture, which is nominally approximately 200 nm, and can be improved by using smaller apertures, as demonstrated in the following discussion.
To extend the generality of the method, we tested the Fano phase imaging by employing a plasmonic near-field probe known as a Campanile tip 37 . The inset of Figure 3g reports the schematic of the nanoscale aperture plasmonic probe, which has already been tested in SNOM photoluminescence configurations. This probe is characterized by a larger throughput and by a better resolution with respect to standard metal coated tips. Therefore, this probe also allows for examination of the phase imaging in the RBS setup. In fact, with the Campanile probe in the RBS configuration, we obtained spatial line shape inversions that result in the intensity map shown in Figure 3f , which agrees well with the map collected by the Al-coated probe of Figure 3d . The resolution is estimated using an error function fit of a vertical profile cut of Figure 3f . The data and the relative fit are shown in Figure 3g (red dots and red line), corresponding to a spatial resolution of 85 nm. We conclude that the use of resonant scattering is a robust method to perform phase retrieval, which does not depend on the details of the probe used.
Thus far, we investigated the M1 mode, which is nearly linearly polarized. However, we can also address the phase modulation of the PCN excited mode M2, which has an elliptical polarization, where both the x-and y-components are present 38 . Because the phase distributions of the two perpendicular components are quite different, as shown in Figure 4d and 4h, we must experimentally separate them. Therefore, we illuminate the sample alternatively with x-or y-polarized light.
The spectra in Figure 4a and 4e show that the signal-to-noise ratio is still quite high, which allows us to image the phase modulation distribution of the x-and y-polarization components of M2 by mapping the mode intensity, as shown in Figure 4c and 4g, respectively. As inferred by the comparison between the maps in Figure 4c and 4g and the real part of the x-and y-components of the electric field calculated using the FDTD method, shown in Figure 4d and 4h, respectively, the image fidelity of the experimental phase modulation is good. In particular, the map fidelity is higher for the dominant polarization component (parallel to the y axis) with respect to the weaker orthogonal polarization component (parallel to the x axis). The lower fidelity of the x polarization is tentatively attributed to the concomitance of several experimental issues related to the challenge of detecting the RFS in the cross-polarized channel with respect to the dominant mode component. Nevertheless, the x-polarization map qualitatively reflects the calculated map, in particular, the mode symmetry and the expected number of phase inversions are observed. These results prove that the described experimental configuration for Fano phase-modulation imaging can be applied to localized modes that exhibit arbitrary polarizations.
The good fidelity with which the maps of the RFS intensity reproduce the distributions of the sign inversions of real part of the electric fields demonstrates the actual phase-modulation imaging of the localized photonic modes. The local changes of the Fano line shape as a function of position provide direct access to the spatial modulation of the localized mode phase by means of an integrated interferometer.
CONCLUSIONS
In conclusion, we demonstrated a technique of ultra-subwavelength Fano-imaging of the electric LDOS and observed phase modulation of the localized modes in a two-dimensional PCN using a pure optical effect that bridges together resonant light scattering and near-field spectroscopy. This proposed technique has the considerable advantages of being applicable to resonators based on any type of material and of providing imaging over a wide spectral range. Moreover, this proposed technique avoids the bleaching and the strong tip-induced perturbation that degrade the high Q-factors of nano-resonators. In addition, we directly probed the relative phase modulation of the localized mode without the use of an external interferometer by exploiting the nature of the Fano resonances. Our work demonstrates that the near-field Fano imaging technique is a very powerful technique to address the fundamental features of localized modes in optical nano-resonators. This result provides new strategies to investigate at deep-subwavelength spatial resolution the electric LDOS and the phase distribution of modes localized in a variety of nanophotonic and nanoplasmonic resonators, which can be based on materials without optical emission.
